Introduction
Developing scaffold materials that possess appropriate attributes for tissue engineering applications still remains a challenge. Ideally, the polymeric scaffolding * To whom correspondence should be addressed. Tel.: (61-8) 8302-5696; Fax: (61-8) 8302-5689; e-mail: endre.szili@unisa.edu.au materials should be biocompatible, biodegradable, facilitate appropriate cell function, possess suitable mechanical and physicochemical properties and be easily engineered into three-dimensional scaffolds. But many of the reported biocompatible elastic polymers that meet these needs require complex and expensive synthesis procedures rendering them less preferred for use in commercial clinical applications [1] [2] [3] .
Recently, biodegradable elastomeric polyesters have been synthesised through simple polyesterification using low-cost synthesis procedures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In particular, catalyst-free polyesterification reaction between multifunctional non-toxic monomers such as 1,8-octanediol (OD), citric acid (CA), glycerol and sebacic acid (SA) was used to produce polymeric materials that show excellent biocompatibility with a wide variety of tissues. For instance, polyester scaffolds fabricated from poly(octanediol citrate) (POC) and poly(glycerol sebacate) (PGS) have been applied in blood vessel [5] , cartilage [7] , bone [8] and nerve [13] tissue-engineering applications.
In some instances, polymeric materials used for biomedical applications (including tissue engineering scaffold fabrication) may require surface modification or functionalisation to improve the surface properties of the material. This includes modification of surface chemistry [16] , topography [17, 18] and immobilisation of biomolecules [19] . These procedures are often necessary when precise control over cell function, such as attachment/adhesion, proliferation and differentiation is required on a bioactive surface. However, any post-synthesis modification procedure adds to the complexity and cost of the material, thereby reducing its potential for use in clinical applications.
We have recently reported the synthesis and surface characterisation of a copolyester material, POC/sebacate (p(OCS)), suitable for fabrication of tissueengineering scaffolds [14, 15] . The unique feature of p(OCS) is that the surface chemistry (density of carboxylic acid groups), mechanical (elasticity), hydration (swelling) and hydrolytic degradation (biodegradability) properties could be easily controlled by simply varying the initial acid concentration ratio (CA/SA) in the pre-polymer during synthesis. This may prove advantageous for fine-tuning biomolecule loading and release by varying the swelling and degradation rates, modifying the mechanical properties for elastic vascular tissue or varying the surface concentration of carboxylic acid groups to control cell function. The latter is of particular interest in this study. Several studies have shown that cell attachment and proliferation is influenced by the surface concentration of carboxylic acid groups [20] [21] [22] [23] [24] [25] . Recently, gradients of carboxylic acid groups have been used to control neuronal cell differentiation and behaviour [24] and embryonic stem cell pluripotency [25] . In the case of p(OCS), the elastomeric material can potentially be fabricated into a multi-layered scaffold with a vertical gradient of carboxylic acid groups. Chemical gradients combined with an interconnected porous structure can possibly induce the migration of cells into the porous scaffold. In this report, the suitability of p(OCS) polyester elastomers for orthopaedic biomedical applications was investigated. The attachment, proliferation and biocompatibility of human MG63 osteoblast-like cells were monitored on p(OCS) synthesised with varying carboxylic acid surface densities. All of the p(OCS) polyesters tested in this study were non-toxic and could support cellular growth. Cellular viability and growth could be further enhanced on the material surfaces by finetuning the wettability and surface chemical characteristics.
Materials and Methods

Synthesis of p(OCS) Elastomers
High-purity CA, SA, OD, dioxane and phosphate-buffered saline (PBS) pellets were purchased from Sigma-Aldrich (Australia) and used as received. The p(OCS) polymers were synthesised as previously described [14] . Briefly, equimolar amounts of both the OD and acids (OD:(CA + SA) = 1:1) were mixed together to form the pre-polymer mixtures in set molar ratios. Three different compositions of the monomers were undertaken to produce the pre-polymers as shown in Table 1 . The pre-mixed reactants (OD, CA and SA) were placed in a threenecked round-bottom flask and the monomer mixture was melted at 160-165 • C followed by mixing at 140-145 • C for 1 h under a constant stream of nitrogen. The pre-polymer mixtures thus obtained were used without further purification. No purification was deemed necessary, since no significant chemical or mechanical differences were found in the polymer after purification as described in [14] . The p(OCS) pre-polymers were dissolved in dioxane to obtain 20% (w/w) solutions and the resulting solutions of all the p(OCS) compositions (Table 1) were used for sample preparation.
Sample Preparation for Contact Angle Measurements and in Vitro Cell Studies
The p(OCS) samples were prepared by spin coating pre-polymer solutions (20%, w/w) on microscope glass cover-slips (25 × 25 mm 2 ). Prior to spin coating, the glass slides were cleaned in ethanol and dried at 80 • C for 1 h. The p(OCS) prepolymers were spin-coated onto the cleaned glass slips using a spinning rate of 3000 rpm for 10 s. The process was repeated three times to build a sufficiently thick polymer coating. The coated cover-slips were placed in a Teflon dish and kept at 80 • C in an oven for 7 days for further cross-linking. All of the spin-coated p(OCS) films were produced under the same reaction conditions and the samples were stored under vacuum in a desiccator until use.
Contact Angle Measurements
The water contact angle on the p(OCS) coatings, which were spin-coated onto glass slides as described above, was measured at room temperature using the sessile drop method. Contact angle measurements were taken on three types of p(OCS) films Table 1 .
Polymer structures determined by MALDI-ToF-MS [14] and water-in-air contact angle measured for p(OCS) polyester elastomers coated on glass slides.
A total of 9 measurements was taken for each sample type. The water contact angle measured on each p(OCS) composition was significantly different (P < 0.0001). 
MG63 Osteoblast-Like Cell Compatibility
The biocompatibility of the p(OCS) samples was tested using an immortalised MG63 osteoblast-like cell line derived from an osteosarcoma of human bone with a fibroblast morphology and adherent growth properties. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) newborn calf serum, 100 U penicillin and 100 µg streptomycin under typical cell-culture conditions (37 • C in a humidified 5% CO 2 atmosphere). The cells were passaged with the aid of trypsin. All cell culture reagents were purchased from Sigma. The p(OCS) samples were first washed in PBS solution for 24 h and subsequently washed in serum-free medium for 48 h. After washing, the p(OCS)-coated glass slides were UV-sterilised for 30 min in a Topsafe Class II Bio-Cabinet. This treatment did not appear to significantly change the properties of the material. The sterile samples were placed in sterile 6-well microplates. 200 µl (3 × 10 5 cells/ml) was spotted on top of the films and the control samples and incubated for 30 min. Following initial cell attachment, an additional 2 ml of pre-warmed medium was added in each well and the samples were incubated again as described above. The medium was replenished every 2 days. Cell morphology and vitality were examined at time periods of 4 h and 1, 4 and 18 days.
Phase-Contrast Microscopy
Phase-contrast micrographs of the cells grown on the samples were taken using a Nikon TE2000-U microscope through a 20× objective and recorded with a Nikon DXM1200C digital camera. Initial cellular growth was determined by direct cell counting from microscope images after 4 h of incubation. Elongated and rounded MG63 cells were counted from three samples of each p(OCS) composition and tissue-culture polystyrene (TCPS) as control. The results are expressed as a percentage of elongated cells compared to the total cell population.
AlamarBlue™ Cell Vitality Assay
Cell viability and proliferation were assessed using an AlamarBlue™ (AB) dye. This involved transferring each sample into a fresh sterile 6-well microplate and washing with 3 ml PBS. 2 ml AB solution (5%, v/v), diluted in PBS, was added into the wells and incubated with the samples for 1 h. After incubation, 200 µl of the AB solution was transferred into a 96-well microplate. Absorbance readings were taken on a Fluostar Optima plate reader at 570 and 600 nm. The negative control samples were treated exactly the same as the test samples except that the cell culture 6 medium (that was incubated over the samples) did not contain cells. The percentage of the reduced AB dye was used as an endpoint measurement to determine the comparative viability of cells that were growing on the test samples. The percentage of the reduced AB dye (related to cell density) was calculated according to the manufacturer's instructions [26] .
Statistical Analysis
Data were processed using Kaleidegraph version 4.0 software. Statistical analysis was performed using a Student t-test by comparing the means of each independent group (sample type) assuming that the variances of each group are equal. A P value < 0.05 (95% confidence limit) was considered to be of significant difference.
Results and Discussion
Surface Properties of p(OCS) Polyesters
Three different polymer samples were synthesised as shown in Table 1 . The concentration of OD was kept constant for each composition. The CA:SA ratio was 1:0, 0.75:0.25 and 0.5:0.5 to decrease the concentration of carboxylic acid groups and, hence, the surface hydrophilicity. Contact angle measurements were compared to the chemical structures determined through MALDI-ToF-MS (Table 1 ) [14] . The p(OCS) molecular structures demonstrate that the number of hydrophilic functionalities (-COOH and -OH) are closely controlled by the initial molar ratio of monomers (CA, SA and OD). The number of CA units (blocks) in a random block co-polymer of p(OCS) increases as the concentration of the CA monomer is increased, giving rise to the increase of surface hydrophilic functionalities [15] . As shown in Table 1 , a statistically significant increase in the water contact angle (or decrease in surface hydrophilicity) was observed from approx. 31 • → 41 • → 64 • (P < 0.0001 for all samples) as the molar ratio of CA monomer was decreased from 1 to 0.5. This observation was conducive with a decrease in the relative surface concentration of carboxylic acid groups from approx. 0.4 (CA:SA = 1:0) → 0.3 (CA:SA = 0.75:0.25) → 0.1 µM/mm 2 (CA:SA = 0.5:0.5), determined previously from a toluidine blue assay [15] . Therefore, three different p(OCS) elastomers were successfully synthesised with each composition possessing a different concentration of carboxylic acid groups and hydrophilic properties.
MG63 Cell Attachment and Morphology
The application of p(OCS) as a scaffolding material for bone tissue engineering was tested using human MG63 osteoblast-like cells. Figure 1 shows the optical phasecontrast micrographs of MG63 cells cultured on p(OCS) films for 4 h. A similar, relatively high density of MG63 cells had attached and formed normal spindleshaped osteoblast morphology on all three of the test materials after this time period with only a few cells remaining circular (marked with black circles in Fig. 1 ). This observation was quantified as a percentage of elongated spindle-shaped cells in comparison to the total cell population, as shown in Fig. 2 . A slightly higher density of cells appeared to attach to the TCPS control sample but it was difficult to ascertain the mechanism. For example, both physical and chemical properties could significantly influence this result due to the large differences between the TCPS and p(OCS) material properties. Furthermore, two types of spindle-shaped cell morphology have been detected: cells that express elongated narrow structure and cells that appear to be flattened (marked with solid and dashed arrows in Fig. 1) .
The difference in cell morphology (described above) may be associated with stresses being imparted onto the cells by the underlying test p(OCS) material. However, it is more likely due to the slight irregularities in surface topography which can direct cell orientation [15, 17] . Typically, p(O 1 C 1 S 0 ) and p(O 1 C 0.75 S 0.25 ) elastomers display a micro-wrinkled surface morphology and the p(O 1 C 0.5 S 0.5 ) films are more granular as described previously [15] . Because only slight differences in surface topography were observed between the three p(OCS) samples, it is more likely that any differences in cell growth, such as vitality/proliferation, is influenced by the carboxylic acid surface density and the hydrophilicity of the different p(OCS) compositions. A similar cell morphology was also observed on the TCPS control samples and a few cells remained circular after 4 h on the three test p(OCS) samples and the TCPS control. But the difference in the percentage of cells displaying normal morphology was not statistically different between the three p(OCS) samples and the TCPS control (Fig. 2) . Following a further 20 h of cell culture (Fig. 3) , most of the cells had formed into an elongated and flattened morphology. Figure 3 also shows that cells are confluent within 4 days of cell culture and have formed multiple cellular layers. Therefore, these results show that the p(OCS) elastomers could support cell loading and proliferation with the majority of cells forming normal cell morphology (approx. 90% for all samples) after attaching to the material surface ( Fig. 1) and reaching a confluent density within 4 days of culture (Fig. 3) .
MG63 Cellular Vitality
MG63 cellular vitality was examined using the AB assay (Fig. 4) . The percentage of the AB dye, reduced in the cell medium, is directly proportional to the number of viable cells in the surrounding environment. No statistical difference was observed in the number of viable cells on the p(OCS) films and the TCPS control after 1 day of cell culture. This result was supported by examination of the relative cell density shown in Fig. 3 .
Interestingly, following 4 days of cell culture, the relative cellular vitality is found to be statistically greater on the p(O 1 C 0.75 S 0.25 ) (p < 0.0001) and p(O 1 C 0.5 S 0.5 ) (p < 0.0001) samples compared to the p(O 1 C 1 S 0 ) sample, which is known to be a biocompatible material for supporting the growth of osteoblast cells [8] ples tested in this experiment (P < 0.0001). There are multiple chemical and physical factors that could have contributed to the difference in cell growth observed on the p(OCS) elastomers. For instance, it is possible that the p(OCS) materials which contain SA (p(O 1 C 0.75 S 0.25 ) and p(O 1 C 0.5 S 0.5 )) and possess a higher Young's modulus, elongation-at-break and tensile strength [14] , may reveal a surface resembling closer to the extracellular matrix (ECM) surrounding the native cellular environment [11] . For example, the Young's modulus value of 0.2 and 1. [27] and closer to Young's modulus values expected for native collagen [11] than the p(O 1 C 1 S 0 ) material with lower mechanical properties as described previously [14] . After long-term cell culture (18 days), a relatively higher density of viable cells was detected on all the samples in comparison to that detected after 4 days of cell culture. A statistically higher density of viable cells had grown on the p(OCS) elastomers with dilute molar concentrations of CA of 0.75 (P < 0.0001) and 0.5 (P = 0.002) in comparison to the test material containing 100% CA and no SA (p(O 1 C 1 S 0 )). No statistical significance in cell growth was observed on the p(O 1 C 0.75 S 0.25 ) and p(O 1 C 0.5 S 0.5 ) elastomers (P = 0.05). This indicated that long term cell growth could be obtained on all of the test p(OCS) elastomers with a higher level of viable cell growth maintained on the materials synthesised with the addition of the SA monomer. In summary, it was shown that p(OCS) elastomeric polyesters, tailored with more suitable concentrations of surface carboxyl groups and hydrophilic properties by simply varying the initial monomer molar ratios, could be beneficial in tissue engineering applications such as those requiring long-term culture and maintenance of osteoblast cells for bone formation.
Conclusion
Citrate/sebacate polyester elastomers were shown to be suitable materials for supporting the growth and proliferation of osteoblast cells. It was shown that simply altering the concentrations of CA and SA in the pre-polymer could influence cellular growth on the elastomeric polymer. The best level of cellular growth, at time periods of 4 and 18 days, was detected on p(OCS) with an intermediate CA:SA molar ratio of 0.75:0.25. Lower numbers of viable cells were detected on p(OCS) synthesised with higher (1.0) and lower (0.5) CA molar ratios. Therefore, cellular growth and viability was best supported on p(OCS) film tailored with the intermediate level of wettability investigated in this study. Future work may lead to the development of p(OCS) multilayered scaffolds that induce three-dimensional cell migration and proliferation within large volume scaffolds.
